ABSTRACT We have identified at least six EcoRI fragments of mouse DNA that encode variable-region gene sequences closely related to the mouse X light chain, MOPC-149. Two of these fragments have been cloned, and the entire nucleotide sequence of the variable-region genes encoded on each has been determined. Both genes encode closely related variable-region sequences extending from codon position 1 through position 97. Neither fragment encodes a constant-regon sequence. Although both genes are closely related, they differ from one another and from the sequence expressed in the MOPC-149 cell from which they were cloned. These few differences cluster within the complementarity-determining regions although several occur in framework sequences as well. We therefore conclude that an antibody-producing cell contains genetic information corresponding to its expressed sequence and several other closely related but silent sequences. These initial results raise the possibility that similar sets of genes might exist corresponding to each of the many subgoups already identified among mouse X light chains. If true, this would further suggest that the mouse genome might be rich enough in variable-region genes so as to encode a major portion of the variable-region repertoire.
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The unique pattern of antibody structure led Dreyer and Bennett (1) to propose that the constant and variable regions of the immunoglobulin light chain are encoded separately in chromosomal DNA. Their argument has been supported by the finding that there are few copies of light chain constant-region genes (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and, more recently, by evidence derived directly from cloned immunoglobulin gene fragments (15, 16) . It has further been suggested that variable-and constant-region gene sequences are rearranged during the somatic differentiation of immunocytes so as to bring constant-and variable-region genes together (17, 18) . The question of whether this rearrangement of genes is essential for their expression remains unanswered. Also unanswered is the important question of how the diversity represented in immunoglobin variable regions is produced-through evolutionary or somatic mechanisms or a combination of both. Several useful models that define contending germ-line and somatic mutation hypotheses have been advanced to explain this interesting genetic phenomenon (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) .
In order to begin to distinguish between these models (the germ-line model requires many variable region genes; the somatic model, few), we have cloned (32) two closely related K variable-region genes derived from the mouse plasmacytoma, MOPC-149. We have determined the entire nucleotide sequence of the coding segments and portions of the flanking sequences of both these genes and compared them to one another and to a cloned cDNA sequence corresponding to a variable-region gene expressed in this cell line. Among other inferences we may draw from the structure of these genes, the identification of three closely related genetic sequences in a committed, immunoglobulin-producing cell allows us to begin to estimate a minimum number for variable regions encoded in the mouse genome. Such estimates (see below) indicate that the mouse genome is likely to be a respository of many K-type variable-region genes, so many as to possibly encode a major portion of the variable-region repertoire.
MATERIALS AND METHODS
Preparation and Analysis of EcoRl Fragments of MOPC-149 DNA. The EcoRI restriction fragments from 50 mg of MOPC-149 DNA were fractionated by RPC-5 column chromatography (33) and subsequently by agarose gel electrophoresis (34) . The DNA fragments, embedded in agarose gels, were denatured in alkali, neutralized, and transferred to nitrocellulose sheets as described by Southern (35) . The nitrocellulose sheets were presoaked in Denhardt's solution (36) (0.02% Ficoll/0.02% pyrrolidine/0.02% bovine serum albumin) for 3 hr and hybridized with an appropriate 32P-labeled probe. The hybridization solution contained 10 ng of DNA (labeled by the nick translation reaction to 40-80 cpm/pg) per ml, 0.1% sodium dodecyl sulfate (NaDoSO4), 0.09 M sodium citrate/0.9 M NaCl, triple-strength Denhardt's solution, and 50 ,ug of Escherichia cob DNA and 50 ,ug of salmon sperm DNA per ml. After hybridization, the sheets were washed four times in 0.1% NaDodSO4/1.5 mM sodium citrate/15 mM NaCl at 530 for 30 min per wash and twice more in the same solution without NaDOdSO4 and then were exposed to Kodak XR1 film backed by Cronex intensifier screens. Preparative fractionation of appropriate RPC-5 fractions was carried out by using an electronic preparative electrophoresis apparatus (34) .
Cloning and Identification of Variable-Region GeneContaining Hybrid Phage. Purified EcoRI fragments were ligated into the EK2 vector, XgtWES-XB, transfected into the EK2 host E. coli LE392 as described (32, 33) . Immunoglobulin-containing fragments were identified by in situ hybridization of nitrocellulose filter blots of transfection plates containing 500-2000 plaques (37) . Hybrid phage were selected and grown preparatively on E. coli DP50supF. For sequence determination, the entire K2 EcoRI fragment [3.0 kilobases (kb)] was subcloned in pMB9 and a 4.1-kb HindIll fragment of K3 containing the entire variable-region sequence was subcloned in pBR322 (38) 
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spond to sequences encoding amino acid 44 through the 3' end of the MOPC-149 light chain mRNA. The Hha I fragment (39) containing all of these sequences was used as the "V + C" probe. The variable-region probe was obtained by cloning (using synthetic oligonucleotide linkers containing the BamHI site that were purchased from Collaborative Research, Cambridge, MA) a Hae III fragment to HincII fragment of K149 DNA in pBR322 (38) . This fragment contained immunoglobulin sequences that encode amino acids 44-90. Two constant-region fragments, a HincII (amino acid 125)-to-Hae III (amino acid 196) fragment and an 800-base-pair Hae III fragment (containing sequences encoding amino acid 196 through the 3' untranslated region) were also cloned separately in pBR322.
Electron Microscopic Analysis of R Loops. MOPC-149 mRNA (15 g/ml) (13) was annealed with the cloned EcoRI fragments (50 Ag/ml) in 70% formamide/0.5 M NaCl/0.1 M N-[tris(hydroxymethyl)methyl]glycine (Tricine), pH 8.0, at 520 for 12 hr. The samples were spread, stained, shadowed, visualized and measured as described (40) .
Restriction Site Analysis and Sequence Determination. Restriction sites were determined (32, 39) and the nucleotide sequence was determined as described (41) .
RESULTS AND DISCUSSION Identification of Variable-Region-Gene-Containing Fragments. One of the major problems encountered in quantitating mouse K-type variable-region genes arises from the very diversity that these genes appear to encode. A hybridization probe generated from an mRNA corresponding to one K-light chain must encode a sequence so different from other known K light chains that the extent of cross hybridization between such diverse genes, the "range" of the probe, is difficult to assess. Thus, even if there were hundreds or thousands of variableregion genes in the mouse genome, a probe directed against any one of them would be expected to detect only those sequences that are closely homologous. If extensive somatic mutational mechanisms generated diversity from a single sequence, there might be only one such gene per genome. On the other hand, if extensive diversity is already encoded into the mouse genome by evolutionary mechanisms, there would be many.
DNA restriction fragments bearing elements of these genes can be identified by using in situ hybridization (35) in conjunction with well-defined, pure hybridization probes. We have used recombinant DNA techniques to prepare variable-and constant-region hybridization probes derived from a cloned, reverse transcript of MOPC-149 mRNA (39) . The variableregion probe corresponds to MOPC-149 mRNA from amino acid codons 44 through 90. Cloned probes corresponding to the constant region from codons 125 through 196 and 196 through the 3'-untranslated region were also prepared. The variableregion probe was used to detect EcoRI fragments of plasmacytoma MOPC-149 DNA that carried related variable-region gene sequences, and analogous studies were carried out with the constant-region probe.
Due to the complexity of the mouse genome and expected complexity of the variable-region sequences, an EcoRI digest of genomic DNA was separated in two dimensions-RPC-5 column chromatography and agarose gel electrophoresis-in order to carry out high-resolution analysis while also purifying appropriate fragments for subsequent cloning steps. After the second dimension of fractionation (the analytical gel), the DNA fragments were transferred to nitrocellulose filters (35) and hybridized to a 32P-labeled variable-region probe. At least six discrete EcoRI fragments hybridized to the variable region probe, four quite strongly (Fig. 1) . The fragments ranged in size from approximately 3 to 13 kb and the largest and smallest (labeled K2 and K3 in Fig. 1 (39) . The K2 (3 kb) and K3 (13 kb) fragments are indicated. Six fragments were easily visualized on the original radioautograph; two (just under K3) are only faintly seen in the reproduction.
Cloning the Variable-Region Gene-Containing Fragments. The observation that at least six EcoRI DNA fragments hybridized to the MOPC-149 variable-region sequence raised the possibility that each of these fragments might contain elements of one or more variable-region genes and, moreover, that these fragments might be so closely related to one another so as to constitute a subgroup of individually encoded, but closely related, variable-region genes. To test this possibility and to determine the molecular basis for the observed hybridization, fragments K2 (3 kb) and K3 (13 kb) (Fig. 1) , which had been purified approximately 1000-fold, were cloned in the XgtWES-XB EK2 vector system and detected directly on transfection plates by using nitrocellulose filter blots and in situ hybridization with a variable-region probe. Three independent (nonsibling) clones were detected among about 5000 plaques in the case of K2 and two independent clones were detected among 2000 plaques in the case of K3. Both (40) in the electron microscope. Each fragment contained a single, uninterrupted R loop (approximately 300 base pairs in length) from which hung an RNA tail (Fig. 2) . That the tail corresponded to the 3' (or constant-region) portion of the mRNA was demonstrated by annealing simian virus 40 molecules covalently linked to poly(T) tails and visualizing the resulting structure (electron micrographs not shown) and by the sequence analysis described below. Thus, both cloned fragments were judged to contain one MOPC-149-like variable-region sequence but no constant-region sequence.
Nucleotide Sequences of the Two Cloned Variable-Region Genes and MOPC-149 Expressed Sequence: Silent Genes. The orientation and extent of the variable-region gene encoded in each fragment-was determined by direct sequence analysis by using the procedure of Maxam and Gilbert (41) . The restriction sites and fragments used to determine and check both sequences are shown in Fig. 3 . The entire sequence of the K2 variable-region gene, including flanking sequences, 497 bases in all, was determined and is shown in Fig. 4 . The entire sequence of the K3 variable-region gene including flanking sequences was-also determined and is compared to the K2 sequence in the same figure. A variable region gene is easily distinguished within each determined sequence by identifying in-phase codons corresponding to the initial pentapeptide of the MOPC-149 light chain, Asp-Ile-Gln-Met-Thr (labeled from position 1 in Fig. 4 ; ref. 42) and following this reading frame through 97 codon positions in both gene sequences. The amino acid sequences generated by each gene are in substantial (but not complete) agreement (pointsof sequence divergence are discussed below) with the initial 23 amino acid positions that have been determined for six K light chain polypeptides, MOPC-31B, MOPC-178, MOPC-31C, TEPC-173, RPC-23, and MOPC-149 (43). Sequencing strategy used to determine the variable region gene sequences in K2 and K3. A 1800-base-pair Hae III fragment was isolated from pMB9-K2 and a 1200-base-pair Hae III fragment was cleaved from pBR322-K3 which contained the entire variable-region genes found on the K2 and K3 fragments. These Hae III fragments were cleaved with HincII, Alu I, or HinfI, end-labeled with 32p by the procedure of Maxam and Gilbert (41) , and then further cleaved with a second enzyme. The two 32P-labeled ends were separated on a polyacrylamide gel, eluted, and subjected to the nucleotide sequencing reaction described by Maxam and Gilbert (41) . Specifically, a and d were obtained by cleavage of an Alu I fragment by the action of Hinfl, b was derived by cleavage of a Hinff fragment with Alu I, e and h were ends of an Alu I fragment cleaved with Pst I, and f and g were obtained by cleaving two Hae III/HincHI fragments with Alu I. The ends (g and h) were not used to determine the K3 sequence; instead, the K3 sequence was determined by cleavage of the Hinfl fragment with Pst I (j). The numbers above the figure give the approximate length of the fragments (expressed in base pairs) and the numbers next to some of the restriction sites refer to the amino acid location of the cleavage site. The length of nucleotide sequence determined from each end is indicated by the arrows. The nucleotide sequence at each restriction site, used as an end, was taken from published work, except that for the HincII site the recognition sequence was shown to be GTCAAC by end-group analysis.
Genetics: Seidman et al. Furthermore, these gene sequences predict light chain variable-region structures that generate the appropriate amino acids at 16 of the 19 so-called invariant (actually low-variant) positions derived from eight completely sequenced mouse light chain polypeptides (43) . Additional support for the identification of these variable-gene sequences comes from their comparison to the nucleotide sequences that we have determined for the variable region of MOPC-149 mRNA, the sequence actually expressed in the cell line from which these genes were derived. The cloned genomic sequences are virtually, but not entirely, identical over the 135-base-long sequence available for comparison (Fig. 4) . The two cloned genes are, therefore, silent variable-region genes, present but not expressed in the MOPC-149 plasmacytoma.
The Variable Region Extends from Positions 1 through 97 and Appears to Encode a Leader Sequence. The terminal borders of both varible-region genes can also be inferred by comparing the amino acid sequence generated by the codons in each gene to the known amino sequence determined for light K chain polypeptides through the so-called V-C switch region. Despite the fact that positions 98-107 are conventionally included as part of the variable-region sequence, the amino acids within this segment are surprisingly invariant, 8 of 10 being constant in all sequences determined (43) . In contrast, none of the amino acids predicted from either the K2 or the K3 sequence corresponds to these residues. Indeed, an in-phase termination codon occurs seven codon positions away from codon 97, the position we judge to be the last coding sequence of this variable-region gene. This is comparable, but not identical, to the last X variable-region codon at position 98 determined by Tonegawa and coworkers (44) . Obviously the remaining 10 amino acids (i.e., amino acids 98-107) might constitute a discontinuous variable-region gene segment or might be contiguous with the constant region.
Immunoglobulin light chains appear to be synthesized via a precursor polypeptide from which the amino-terminal 15-20 amino acids are cleaved during chain maturation (45) (46) (47) (48) . Accordingly, an in-phase AUG initiator codon is located 15 codons (minus positions are numbered towards the 5' end of codon position 1) to the 5' side of position 1 in both K2 and K3 genes. This site might initiate a contiguous 15-amino-acid-long leader sequence. If so, it would differ from the putative leader sequence contained on a X variable-region gene cloned from embryonic DNA in that it is not separated from the major portion of the gene by an intervening sequence of DNA (44) .
A Minimum and Growing Number of Closely Related Variable-Region Genes. One of the underlying assumptions of the somatic mutation hypothesis is that closely related variable-region genes arise from a single germ-line sequence that undergoes rapid mutation during commitment of a somatic cell to antibody production. Usually also implicit in this model is the further assumption that germ-line cells and somatic cells have few copies of variable-region genes. Indeed, the need for such a mechanism is based upon the notion that genomic DNA does not contain sufficient numbers (generally held to be 500-1000) of variable-region genes to permit it to encode the thousand or so light chain variable regions required by a complete immune repetoire.
The in situ hybridization data presented above (Fig. 1 ) indicate that at least six EcoRI fragments of DNA contain elements of variable-region gene sequences. At least two of these fragments, K2 and K3, contain variable-region genes and a comparison of their sequence to one another (Fig. 4) Thus, a closely related set of multiple germ-line genesalthough encoding the bulk of immunoglobulin diversitymight be unstable in both germ-line and somatic cells. Clearly, the analysis of additional cloned genes derived from undifferentiated or plasmacytoma cells should allow us to decide if this is so. In the meantime, it seems most likely that evolution has played a major role in generating diverse variable-region genes, but the possibility that somatic mutation may further intensify this diversity cannot yet be ruled out.
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